The mechanism by which DNA polymerase discriminates between complementary and noncomplementary nucleotides for insertion into a primer terminus has been investigated. Apparent kinetic constants for the insertion of dGTP and dATP into the hook polymer d(C)194-d(G)12 with Escherichia coli DNA polymerase I (large fragment) were determined. The results suggest that the high specificity of base selection by DNA polymerase I is achieved by utilization of both Km and Vmax differences between complementary and noncomplementary nucleotides. The molecular basis for the increased error freqSuency observed with DNA polymerase I in the presence of Mn + has also been investigated. Our studies demonstrate that when Mn21 is substituted for Mg2+, there is a higher ratio of insertion of incorrect to correct dNTP by the polymerase activity, accompanied by a decreased hydrolysis of a mismatched dNMP relative to a matched dNMP at the primer terminus by the 3',5' exonuclease activity. Kinetic analysis revealed that in the presence of Mn2 , the kcat for insertion of a complementary dNTP is reduced, whereas the catalytic rate for the insertion of a mismatched nucleotide is increased. Mg2+. These studies demonstrate that both the accuracy of base selection by the polymerase activity and the specificity of hydrolysis by the 3',5' exonuclease activity are altered by the substitution of Mn2+ for Mg2+.
Escherichia coli DNA polymerase I (large fragment) were determined. The results suggest that the high specificity of base selection by DNA polymerase I is achieved by utilization of both Km and Vmax differences between complementary and noncomplementary nucleotides. The molecular basis for the increased error freqSuency observed with DNA polymerase I in the presence of Mn + has also been investigated. Our studies demonstrate that when Mn21 is substituted for Mg2+, there is a higher ratio of insertion of incorrect to correct dNTP by the polymerase activity, accompanied by a decreased hydrolysis of a mismatched dNMP relative to a matched dNMP at the primer terminus by the 3',5' exonuclease activity. Kinetic analysis revealed that in the presence of Mn2 , the kcat for insertion of a complementary dNTP is reduced, whereas the catalytic rate for the insertion of a mismatched nucleotide is increased. The apparent Km values for either complementary or noncomplementary nucleotide substrates are not significantly altered when Mg2+ is replaced by Mn2+. The rate of hydrolysis of a mismatched dNMP at the primer terminus is greater in the presence of Mg2+ vs. Mn2+, whereas the rate of hydrolysis of a properly base-paired terminal nucleotide is greater in Mn2+ vs. Mg2+ . These studies demonstrate that both the accuracy of base selection by the polymerase activity and the specificity of hydrolysis by the 3',5' exonuclease activity are altered by the substitution of Mn2+ for Mg2+.
All DNA polymerases require a divalent cation for activity.
Mg>2 is considered to be the physiological activator; however, other divalent cations such as Mn2+, Co2+, Be,2+ and Ni2> can substitute for Mg2+. Of these metal ions, Mn>2 has been the most extensively studied (for review, see ref. 1) . Mn>2 is a known mutagen and carcinogen (2, 3) , and substitution of Mn>2 for Mg2+ results in an increased frequency of misincorporation in vitro. Increased error frequency with Mn>2 has been observed with Escherichia coli DNA polymerase I (4-6), T4 DNA polymerase (7) (8) (9) (10) , DNA polymerase a (11, 12) , and avian myeloblastosis virus reverse transcriptase (13) .
The mechanism by which Mn2+ decreases the fidelity of DNA synthesis is not well understood. For DNA polymerases with a proofreading 3',5' exonuclease activity, Mn2+ could exert its effects on either or both of the two base-pairing selection steps involved in discrimination between complementary and mismatched nucleotides: (i) insertion of a properly base-paired nucleotide into the primer terminus by the polymerase activity (base selection) and/or (ii) removal of a non-base-paired nucleotide at the primer terminus by the 3',5' exonuclease activity prior to chain extension (proofreading).
Recently the specificity of base selection by the polymerase activity and the effects of Mn2+ on this base-pairing step have been investigated in two laboratories. Goodman et al. (10) The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. 7379 dNTPs were purchased from ICN. The purity of dNTPs was determined by polyethyleneimine-cellulose thin-layer chromatography using solvent systems as described (15) . In assays that measured nucleotide turnover, the labeled dNTPs were purified by chromatography on hydroxylapatite to remove deoxynucleoside mono-and diphosphates essentially as described by Bernardi (16 (17) . The average chain length of poly(dC) was determined from its sedimentation coefficient according to Studier (18) . The average number of d(G) monomers added per d(C)194 was determined in a parallel reaction containing labeled dGTP.
Poly(dC)-oligo(dG) hook polymers end-labeled with a mismatched nucleotide at the primer terminus (either dAMP or dTMP) were prepared as described (19) The reaction was stopped after 10 min at 37°C by the addition of 2 ml of 5% trichloroacetic acid containing 0.02 M sodium pyrophosphate. The radioactive precipitate was collected, washed, and counted as described (19) .
The rate of insertion of a mismatched nucleotide was determined by measuring its rate of turnover (the template-dependent conversion of dNTP to dNMP). Reaction mixtures were as described above except that either [32P]dATP or [32P]dTTP was used as substrate. The reaction was stopped by the addition of 5 M' of 100 mM EDTA after 45 min at 37°C. Aliquots were applied to the origin of a prewashed polyethyleneimine-cellulose thin-layer plate to which unlabeled 5' dNMP markers had previously been applied. The plates were developed with 1 M sodium formate (pH 3.4) for dTMP and dGMP and 0.5 M sodium formate (pH 3.4) for dAMP.
Markers were visualized by UV absorption and [3H]dNMP was quantitated as described (20) . Control reactions included identical reaction mixtures that were not incubated and reaction mixtures that were incubated but lacked divalent cation, enzyme, or template-primer. Reactions were carried out under conditions in which the reaction being measured was linear with time and enzyme concentration.
The rate of insertion of dGTP was determined from the rate of incorporation into polynucleotide since in the presence of either Mg2> or Mn> or both, the rate of templatedependent conversion of dGTP to dGMP was only 0.5-1% of the rate of incorporation. The rate of misinsertion of dATP was determined from the rate of turnover after incorporation at primer ends had reached a plateau and did not contribute to the rate of insertion.
The rates of template-dependent conversion of dNTP to dNMP as well as the rates of incorporation of dNMP into polymer were expressed in a common unit (,umol/30 min per mg of enzyme at 370C). Apparent Km and V1max values were determined by the computer program WOENZYME, which (Fig. 1A) , the optimal Mn2+ concentration was 0.1-0.2 mM and very sharp, whereas the optimal Mg2> concentration was 10-to 50-fold higher and very broad. The rate of dGTP insertion at the Mn>2 optimum was approximately half that at the optimal Mg2> concentration. In contrast, with a noncomplementary nucleotide as substrate (Fig. 1B) , the rate of insertion at optimal Mn>2 concentrations was approximately 15-to 20-times that at optimal Mg2> concentrations. The Mn2+ optimum for dATP misinsertion was considerably broader than the corresponding optimum for the insertion of dGTP.
In the presence of 5 mM Mg2+, the effects of increasing Mn2+ concentrations on the rates of insertion of either dGTP or dATP are shown in Fig. 2 . Mn2+ inhibited the rate of insertion of dGTP and stimulated the rate of insertion of dATP at all concentrations shown.
Effect of Mn2+ on Base Selection by the Polymerase Activity. In order to evaluate the ability of DNA polymerase I to discriminate between nucleotide substrates that are either complementary or noncomplementary to the template, the rate of nucleotide insertion was measured as a function of dNTP concentration with the hook polymer poly(dC)-oligo(dG) as template-primer. We chose to use this templateprimer for several reasons. A hook polymer in which the primer is covalently linked to the template limits the enzyme to extension of a single type of primer terminus and, consequently, there is no uncertainty as to which strand is serving as template and which as primer. Furthermore, the stability of the G-C base pair allows very little fraying of the primer terminus and, as a result, little "peelback" hydrolysis of the primer strand. Finally, since we are interested in comparing the rates of phosphodiester bond formation with complementary and noncomplementary nucleotide substrates, the use of a primed homopolymer as template-primer would ensure that the nature of the primer terminus, the non-variable substrate in phosphodiester bond formation, was held constant for each phosphodiester bond formed-i.e., for the complementary substrate dGTP, each phosphodiester bond formed would generate an identical primer terminus, whereas for the noncomplementary substrate dATP, the rapid hydrolysis of the misinserted dAMP would regenerate the original dGMP primer terminus. In this regard, when the rate of hydrolysis of a mismatched primer terminus-i.e., poly(dC)- tion of the complementary nucleotide dGTP into poly(dC)-oligo(dG) in the presence of either 5 mM Mg2+ or various concentrations of Mn2+, either alone or in combination with 5 mM Mg2+. Also given in Table 1 whether the polymerase actively discriminates against mismatched nucleotide substrates at the insertion step by lowering the rate of phosphodiester bond formation with noncomplementary nucleotide substrates has not been resolved (6, 10, 25) .
The illiterate polymerase model for nucleotide insertion (10, 14) suggests that DNA polymerases play only a passive role in error discrimination and insert any dNTP resident at their active sites with equal probability. This hypothesis predicts that error frequency is determined primarily by Km differences between complementary and noncomplementary nucleotide substrates and is supported by the findings that the 6-fold preference of T4 DNA polymerase for incorporation of adenine over 2-aminopurine nucleotides can be en- (10) and those of the present study differ from those reported by Fersht et al. (6) with E. coli DNA polymerase I. These investigators (6) reported that the primary effect of substituting Mn2+ for Mg2+ is a large increase in apparent Km and a decrease in Vmax for the insertion of complementary nucleotides, accompanied by relatively smaller changes in kcat/Km values for the insertion of noncomplementary nucleotides. These discrepancies may be the result of differences in experimental conditions. For example, in the present study Hepes buffer (50 mM, pH 7.8) was used for determination of apparent kinetic constants for insertion of nucleotides either in the presence of Mg2+ or Mn2+, whereas in the studies of Fersht et al. (6) , potassium phosphate (65 mM, pH 7.4) was used as buffer when MgCI2 was divalent cation and Tris'HCl (100 mM, pH 7.6) was the buffer when Mn2+ was used. We have found that the Km values for nucleotide insertion are significantly affected by the nature of the buffer used-e.g., with Mg2+ as divalent cation, the apparent Km value for insertion of the mismatched nucleotide dATP into poly(dC)-oligo(dG) was approximately 15-to 20-fold higher in 50 mM phosphate buffer (pH 7.4) than in 50 mM Hepes buffer (pH 7.8) (unpublished observation). Alternatively, the discrepancy could be due to a difference in the template-primer used.
Previous studies on the effects of Mn2+ pn the 3',5' exonuclease activity of DNA polymerase I suggested that inhibition of proofreading does not play a role in Mn2+ mutagenesis. Sirover et al. (5) demonstrated no change in the extent of hydrolysis of a mismatched primer terminus when Mg2+ was replaced by Mn2+, and Miyaki et al. (27) showed that the rate of hydrolysis of a properly base-paired primer terminus was stimulated by Mn +. The results of our studies with the hook polymer poly(dC)-oligo(dG) show that, whereas the rate of hydrolysis of a properly base-paired primer terminus is stimulated in Mn2+, the rate of hydrolysis of a mismatched primer terminus is inhibited. Thus, the decreased ability of the enyzme to hydrolyze a mismatched nucleotide at the primer terminus when Mg2+ is replaced by Mn2+ could allow extension of mismatched primer termini, resulting in increased error frequency. Our 
